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In this study an airborne ground penetrating radar
(GPR) is used to estimate spatial distribution of snow
accumulation in the Samudra Tapu glacier (the Great
Himalayan Range), Western Himalaya, India. An
impulse radar system with 350 MHz antenna was
mounted on a helicopter for the estimation of snow
depth. The dielectric properties of snow were meas-
ured at a representative site (Patseo Observatory)
using a snow fork to calibrate GPR data. The snow
depths estimated from GPR signal were found to be in
good agreement with those measured on ground with
an absolute error of 0.04 m. The GPR survey was
conducted over Samudra Tapu glacier in March 2009
and 2010. A kriging-based geostatistical interpolation
method was used to generate a spatial snow accumula-
tion map of the glacier with the GPR-collected data.
The average accumulated snow depth and snow water
equivalent (SWE) for a part of the glacier were found
to be 2.23 m and 0.624 m for 2009 and 2.06 m and
0.496 m for 2010 respectively. Further, the snow
accumulation data were analysed with various topo-
graphical parameters such as altitude, aspect and
slope. The accumulated snow depth showed good cor-
relation with altitude, having correlation coefficient
varying between 0.57 and 0.84 for different parts of
the glacier. Higher snow accumulation was observed
in the north- and east-facing regions, and decrease in
snow accumulation was found with an increase in the
slope of the glacier. Thus, in this study we generate
snow accumulation/SWE information using airborne
GPR in the Himalayan terrain.

Keywords: Glacier, ground penetrating radar, snow
accumulation, snow water equivalent.

IN the Himalaya snow and glaciers cover a large geo-
graphical area and influence climate and environment of
the region. Recent studies carried out using satellite
images suggest approximately 40,800 sq. km area is cov-
ered by glaciers in the Great Himalaya and Karakoram
mountain ranges'. These glaciers are a perennial and vital
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source of freshwater to the countries around the
Himalayan chain. In recent years, glaciers and seasonal
snow cover in this region have been significantly influ-
enced by climate change®'; therefore, it is useful to mon-
itor the spatial and temporal changes of snow thickness.

Estimation of snow thickness using field-based methods
such as snow stakes, automatic sensors, etc. provides mostly
point-specific information. However, ground penetrating
radar (GPR), a non-destructive technique, can be used to
collect both point as well as spatial distribution of snow
thickness. It has been widely used in ground mode, for
snow and ice thickness measurements®'’, snowpack
stratigraphic delineation'® and to study the subsurface
properties of other strata'’. Forte et al.'®'" reported the
applications of GPR data in determining the density and
electromagnetic (EM) wave velocity for snow, firn and
ice. Colucci er al®® used GPR profiles in combination
with LiDAR data to calculate the volumetric and mass
variations in the body of the ice. Apart from ground
mode, GPR survey has also been conducted using air-
borne mode. Machguth ef al.*' and Sold et al.?* used heli-
copter-borne GPR on alpine glaciers to study the spatial
variability of snow accumulation and compared the re-
sults with ground observations. Conway et al.”® detected
the bed topography of a temperate glacier using airborne
GPR with a 2 MHz antenna. Recently, the airborne GPR
has been used to obtain different cryospheric information
(ice depth, snow layer, snow erosion due to wind, etc.) of
the Antarctic region®* 2.

In the Himalaya, GPR has been mostly used in ground
mode to estimate ice/glacier depth and detection of cre-
vasses in different glaciers” *°. The ground-based GPR
systems are difficult to operate in the rugged glaciated
terrain of the Himalaya®'. In addition, a large number of
buried/hidden crevasses and hostile weather conditions
pose limitations on ground-based field surveys. To over-
come the above constraints, an airborne GPR technique
was used by Negi er al**, which was suitable for snow
depth estimation and detection of buried objects.

The snow depth information from the Himalayan gla-
ciers is limited, though it is important for glacier health
studies. Therefore, the present study is aimed at estimating

CURRENT SCIENCE, VOL. 112, NO. 6,25 MARCH 2017



RESEARCH ARTICLES

36°N

34°N

2z

Uttarakhand

4 Patseo
® Samudra Tapu
¢ 50 100 200 300

30°N

74°E 76°E 78°E 80°E

Figure 1.

77°32'E

32°25’E

Kilometers e
] 2

a, Location of Patseo and Samudra Tapu glacier, study area for airborne ground penetrating radar (GPR)

survey in the Great Himalaya Range of NW-Himalaya. b, GPS-collected points during airborne GPR surveys in 2009
(marked with red colour) and 2010 (marked with cyan colour) overlaid on Cartosat-1 imagery of Samudra Tapu glacier.
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Figure 2. a, Altitude and aspect information of the Samudra Tapu

glacier. Contours of different height levels are marked over the glacier
map. b, Slope information of the glacier.

snow depth using airborne GPR. A detailed study of
Samudra Tapu glacier (The Great Himalayan Range) has
been carried out to estimate the snow accumulation pat-
tern and monitor the changes in snow accumulation and
snow water equivalent (SWE) for two consecutive years,
i.e. 2009 and 2010. Calibration of the GPR data was
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performed by measuring various snowpack properties at
one of the field observatories located in the same region.
The survey data were further used to find the spatial
variability of snow accumulation on the Samudra Tapu
glacier with respect to topographic parameters, such as
altitude, slope and aspect.

Study area

The study was carried out over Samudra Tapu glacier
(area ~41.06 sq. km, average elevation ~4500 m) located
in NW Himalaya (Figure 1). The length of the glacier is
~19 km with two nearly equal flanks (north and south). It
is relatively debris-free with a large number of crevasses.
A digital elevation model (DEM) of Samudra Tapu gla-
cier was generated at 6 m spatial resolution using contour
data of the Survey of India (SOI) map sheet to draw slope
and aspect maps of the glacier. Figure 2 a shows the gla-
cier altitude map along with aspect information. The as-
pect statistics of the surveyed part of the glacier shows
that about half of the glacier (45%) faces east, followed
by 25% towards north, 10% towards south and only 3%
towards west. However, 17% of the glacier area is ob-
served to be flat (no aspect). Further, the aspect analysis
of north and south flanks of the glacier shows that the
former has both north (30%) and east (45%) aspects,
while the latter comprises dominantly north (58%) aspect.
From the slope map of the glacier (Figure 2 b), the slope
range was found to be generally between 0° and 10°.
However, at a few places the slope was observed to vary
up to ~18°.

A field site, accessible during winter was selected for
the calibration of GPR-measured data. This site, Patseo
(altitude: 3800 m; Figure 1a), is located at ~30 km in

1209



RESEARCH ARTICLES

northwest direction from the Samudra Tapu glacier. The
mean winter air temperature in this region varies between
—5.9°C and —10.7°C with standard deviation (o) £0.8°C
and the winter snowfall varies between 134 and 410 cm
with ox 85 cm (refs 33 and 34). Most of the slopes in
this region are barren with rocky surfaces and having
sparse trees at the lower altitudes. The area experiences
high wind activity, relatively smaller amount of snowfall
and lower average temperatures during winter’”. Survey
for snow depth estimation was carried out at this location
and over Samudra Tapu glacier using airborne GPR.

Methodology

Working principle of GPR

The working principle of the GPR is based on the trans-
mission and reception of a short EM pulse of a specified
frequency from the target material. The propagation of
the EM wave is governed by material properties, such as
the electric permittivity, electric conductivity and mag-
netic permeability. Velocity of the EM wave in a medium
is essential for correct estimation of depth using two-way
travel time (TWT) as given in eq. (1)

d = (TWT*v)/2, (1)

where d is the distance to the reflector and v is the velo-
city of the EM wave.

The velocity of the EM wave depends on the dielectric
constant of the medium and is given by eq. (2) (refs 36, 37)

v=c/\/z, 2

where ¢ is the speed of light in vacuum (0.299 m ns ')
and ¢ is the dielectric constant. In the present study, we
measured the dielectric constant of snow directly using a
snow fork.

GPR data acquisition

In the present study, a Subsurface Interface Radar 3000
(SIR 3000; Geophysical Survey Systems, Inc.) was used
for acquiring the GPR survey data. A hemispherical
butterfly dipole antenna (Radarteam, Sweden) with
frequency 350 MHz was used in the airborne mode. The
antenna was top-shielded to ensure the transmission of
EM energy in the downward direction only. The antenna
(dimensions — 740 mm x 405 mm x 225 mm;  weight —
6 kg) was mounted at the base of a helicopter. Figure 3
shows the mounting arrangement of the antenna. The an-
tenna was mounted horizontally to capture the profiles at
0° incidence angle. A 10.8 V lithium-ion rechargeable
battery pack was used for power supply for the operation
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of the entire GPR system. In order to synchronize SIR
3000 with GPS, a triggering device (TRG-817) was used
(Figure 4). A marker software (GeoPointer X from Geo-
scanners AB, Sweden) was used to control the trigger-
pulses emitted from TRG-817. The geographic information
corresponding to the GPR profiles during the traverse
was recorded by an RS 232 interface in a Toughbook.

350 MHz GPR
Antenna

Figure 3. a, GPR centre frequency (350 MHz) antenna mounted
beneath a helicopter for airborne data collection over Samudra Tapu
glacier in India. b, Air-borne GPR mounting arrangement.
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Figure 4. Block diagram of the overall air-borne GPR assembly.
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During airborne survey, the helicopter height was
maintained approximately at a constant level of 40 m
from the ground with an average speed of ~18 m/s during
the survey, so that the reflected signals could be captured
within the available fixed time window of SIR 3000. For
successful acquisition of GPR data in airborne mode,
various parameters related to SIR-3000 need to be opti-
mized. The size of the time window (data-capturing
window), which is an important parameter, mainly
depends on the antenna frequency. For lower frequencies
(240 MHz), the time window size can be kept very large
(1000 ns); however, at higher frequencies (=1000 MHz),
it can be smaller (50 ns). The window size was fixed at
200 ns for 350 MHz antenna frequency used in the pre-
sent study. The GPR data were collected by keeping 512
samples in each scan with a scan rate of 64 scans per
second. The stacking of six profiles was used, which
resulted in an average scan rate of 10.6 scans/sec. Since the
helicopter was moving at 18 m/s, the GPR takes one scan at
every 1.7 m horizontally. The footprint of the antenna cov-
ers a diameter of ~7 m from a height of 40 m. A bandpass
filter (100—1000 MHz) was also used along with a DC sub-
tracting filter while taking the GPR profiles.

GPR profiles with integrated GPS positioning were
collected along and across the glacier. Figure 15 shows
the locations of these profiles during 2009 and 2010. In
each year approximately 50-55 profiles along and 20-30
profiles across the glacier were captured. To collect the
geographic position coordinates, a GPS receiver Wintec
G-Rays I (WBT-300) with positional accuracy better than
2.5m was used. A manual arrangement was made to
synchronize the GPR and GPS measurements, so that
both instruments started measurements simultaneously.
GPS measurements were taken at 10 Hz and GPR meas-
urements were acquired at 10.6 scan/sec.

GPR data calibration using snow fork and pit
measurements

The interpretation of the GPR signatures is one of the
most challenging tasks. It requires information on the
physical properties, particularly the dielectric constant of
the medium under study. In the present study the GPR
signatures were calibrated in field observatory, Patseo,
during March 2009 and 2010, synchronous with the air-
borne surveys. The dielectric constant of the snowpack
was measured using a snow fork®. As shown in Figure 5,
it is a two-armed waveguide, which operates at ~1 GHz
(ref. 39). It measures the average permittivity of a snow
sample of effective length 6 cm and diameter 2 cm. Real
and imaginary components of the permittivity are meas-
ured using the resonance frequency variation between air
and snow. The snow fork is calibrated before each set of
measurements in air. A vertical pit was dug in the snow-
pack of depth 1.56 m for measuring dielectric constant.
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The snow fork was inserted horizontally at 10 cm depth
intervals from the bottom to the top. Further, the shaded
wall of the pit was chosen for the measurements to
avoid direct solar radiation heating of the metallic
waveguides.

In addition, data on the properties of different layers of
the snowpack such as thickness, density, wetness,
temperature, etc. were also collected. The first snow layer
from the top surface was from 1.56 to 1.20 m, and it had
melt forms and rounded type of snow grains. It also had
an ice layer of thickness 0.01 m at 1.25 m. The second
layer was from 1.20 to 0.72 m, also composed of melt
form type of snow grains. The third layer was from 0.72
to 0 m and having depth hoar type of snow grains.

Processing of GPR data

A point target on the glacier surface produces a series of
echoes over a number of GPR traces along the GPR pro-
file. The echo series appears as a hyperbola with its top
indicating the presence of GPR system directly over the
point target. Processing and interpretation of the airborne
GPR profiles were carried out using Reflex 2D Quick
Software (Sandmeier Software, Germany). In order to
enhance the weak signals, a gain function was used, both
during pre- and post-processing of the radar profiles. To
take care of surface clutter, Still fk migration (Stolt) and

Figure 5. Snowpack data collection using a snow fork at field obser-
vatory location, Patseo (Great Himalayan Range).
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background removal filters were used during collection
and processing of the data. The fk migration filter was
used to move all the hyperbolic reflections back to their
apexes. Geographic positions of collected airborne
profiles were imported in a tabular format with the help
of Reflex 2D Quick software and were superimposed on
the radar profiles.

In order to spatially visualize and analyse snow accu-
mulation over the glacier surface, kriging-based geostatis-
tical interpolation method was applied over the airborne
GPR snow depth data. A semivariogram was fitted on the
GPR data using a linear model for the computation of ac-
cumulated snow depth. This computed semivariogram
was used to interpolate the snow accumulation distribu-
tion and to generate the interpolated snow accumulation
map of the glacier. Leave-one-out cross-validation me-
thod was applied to validate the estimated snow accumu-
lation. In this method, one of the observations is removed
from the dataset and kriging is applied on the remain-
ing". The error for the excluded observation is calcu-
lated; this procedure is applied to all the observations one
by one. Apart from leave-one-out cross-validation
method, an independent dataset of surveyed snow depth
values was used for the validation and comparison pur-
poses.

Finally, the slope and aspect maps of the glacier were
used to analyse snow cover information along the glacier
terrain. The SWE over the glacier was also estimated
using snow depth data from the snow accumulation map
and snow density values measured at the representative
field site.

Results and discussion
Calibration of GPR profile

Figure 6 a shows a typical radar profile having a radar-
gram and trace window collected at the experimental site,
Patseo for calibration of GPR data. This profile was taken
from an airborne platform for horizontal distance of
~10 m. The dielectric constant required for accurate mea-
surement of snow depth was measured directly using a
snow fork and found to be 1.53 with o+ 0.145 (Table 1).
The average wave velocity corresponding to this dielec-
tric constant value was determined to be 0.241 m ns™' (eq.
(1)) and used during calibration experiments. In the
radargram (Figure 6 a), the left vertical axis represents
TWT in nanoseconds and the right axis shows the corre-
sponding snow depth. In the radargram, there are two
parallel intense reflections, which correspond to air—snow
and snow—ground interface. Here, ground refers basically
to the soil below the snowpack. The distance between
these two intense lines is the measure of snow depth. The
exact position of the interfaces was picked manually
using both the radargram and trace window simultane-
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ously. In this case, the upper and lower reflections were
observed at ~2.1 m and ~3.62 m respectively, with a
separation of 1.52m. The snow depth was manually
measured along the traversed path at multiple places and
average snow depth was found to be 1.56 m. Hence the
GPR-estimated snow depth is in good agreement with
manually measured snow depth (absolute error of 0.04 m).

Various other reflections were also observed in the
radargram, between the two main intense reflections.
These less intense reflections may be attributed to the
heterogeneity present in the snowpack. In the radargram,
the reflection observed at 3 m depth is due to interface of
depth hoar layer as confirmed during the snowpack
stratigraphy measurements. In the radargram, some feeble
reflections were also observed beyond 3.62 m depth,
which are from deep inside the ground.

Snow accumulation on the glacier

The snow accumulation information on a glacier is useful
to assess winter mass balance. Figure 6 b shows a radar

profile collected from Samudra Tapu glacier. The
Distance (m)

g -

£ 3 e .. B =

.
=]

indow

Distance (m)
@ 0 100 200 300 400

Figure 6. a, Airborne GPR profile collected at Patseo (Great Himala-
yan Range) for calibration of GPR data for snow depth estimation. The
profile was collected in conjunction with the field experiments. b, Air-
borne GPR profile collected from Samudra Tapu glacier. Sharp reflec-
tions in radargram and trace window from two interfaces show the
snow depth accumulated over glacier ice.
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Table 1. Field-measured snowpack properties using a snow fork at an experimental site near Patseo
(March 2010)

Snow Relative Snow

depth (m) permittivity (&') Wetness (% vol.) density (kg m™) Velocity (m ns™")

1.50 1.41 0.92 220 0.25

1.40 1.58 1.54 243 0.24

1.30 1.47 0.24 238 0.25

1.20 1.5 0.74 235 0.24

1.10 1.76 1.36 335 0.23

1.00 1.69 1.46 299 0.23

0.90 1.78 1.36 343 0.22

0.80 1.78 1.64 334 0.22

0.70 1.53 0.62 253 0.24

0.60 1.37 0.35 190 0.26

0.50 1.43 0.84 199 0.25

0.40 1.38 0.94 167 0.26

0.30 1.41 0.35 206 0.25

0.20 1.44 0.97 200 0.25

0.10 1.42 1.80 147 0.25

Average 1.53 1.00 241 0.241
accumulated snow on the glacier surface was estimated 25

. . . . . Slope =211
using the methodology discussed in the previous section. Intercept = 0.24
Here the sharp reflections in the radargram correspond to 2.0 - .
air-snow and snow—ice interfaces. It can be seen from
Figure 6 b that there are continuous feeble reflections be- § s
tween the two dominant intense reflections, which corre- % '
spond to different snow layers present in the accumulated z
snow over the glacier surface. The EM wave velocity §10
—1 . . . . (2]
(0.241 m ns ) estimated during the calibration process of
the GPR profile was used to estimate the accumulated 05 | ’ngrilmgntal
snow depth over the glacier. ocele
Further the spatial distribution of accumulated snow 00

cover over the glac.ler was.estlmated using geostatistical o o3 e o6 o8 20
interpolation technique which was applied to GPR data. Lag (relative to the full length scale)
The computed semivariogram was modelled using a
linear model’ Wthh gave Slope as 2.1 1 and lntercept as Figure 7. Experimental and modelled semivariogram estimated using

0.24 (Figure 7). The linear model suggests a spatial trend
in the snow-cover distribution. Figure 8 shows the inter-
polated snow accumulation map. The accumulation and
ablation zones of the glacier identified using equilibrium
line altitude (ELA, 4950 m) are also shown in the figure.
To estimate ELA, annual snow line of the glacier was
monitored at the end of the ablation period in each year
between 2004 and 2010 using the images of Linear Imag-
ing Self Scanning Sensor (LISS-III) on-board the Indian
Remote Sensing Satellite (IRS 1C/1D).

Snow accumulation on the glacier was observed to
increase with an increase in glacier altitude. The accumu-
lation of snow varies from 2.25 to 4.34 m in the accumu-
lation zone, and 0.72 to 2.25 m in the ablation zone for
year 2010 (Figure 8). The variation of accumulated snow
with elevation shows that for the accumulation zone it is
3.8 m km ' and for the ablation zone it is 1.7 m km™' for
the same year. The interpolated snow accumulation map
shows high spatial variability of accumulated snow on the
glacier.
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the airborne GPR data acquired from Samudra Tapu glacier. The slope
of the modelled linear semivariogram is 2.11 and intercept is 0.24.
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Figure 8. Spatial snow accumulation map of Samudra Tapu glacier

for 2010 using snow accumulation data acquired by airborne GPR. The
snow accumulation variation is shown for accumulation/ablation zone
and for north/south/common glacier.
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The GPR observed and interpolated snow accumulation
values were found to be in close agreement with each
other (Figure 9). Mean bias was found to be —0.04 m,
which indicates that the interpolated values underestimate
the observed snow depth. The mean absolute error
(MAE) and root mean square error (RMSE) of interpo-
lated snow accumulation were found to be 0.34 and
0.41 m respectively. Statistically significant correlation
(correlation coefficient = 0.77, significant at 1%) was
found between interpolated and observed snow accumula-
tion.

Snow accumulation over the glacier varies with terrain
topography. Detailed analysis of snow accumulation vari-
ation with altitude, aspect and slope is given later in the
article.

Uncertainties in snow accumulation on glacier: The
varying values of dielectric constant estimated from dif-
ferent empirical relations will affect the accuracy of the
generated snow accumulation map. In order to estimate
uncertainties in accumulated snow depth values retrieved
on the glacier, different wave velocities derived from
dielectric constant values were applied on the airborne GPR
data. Assuming the snow is dry, using a wave velocity®’
in the snowpack of 0.237 m ns ', results in a difference of
2.17% from the snow accumulation values as estimated
using the calculated velocity, i.e. 0.241 m ns . However,
a velocity of 0.219mns ' as given by Ambach and
Denoth*? corresponding to the manual measured density
(290 kg m™) of the snowpack, gives a large difference of
about 7.6% in the estimated snow accumulation values.

Snow accumulation with altitude: Figure 10 provides an
analysis of snow accumulation along with altitude varia-
tions for 2009 and 2010. The altitude of the north
flank (north glacier), south flank (south glacier) and
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Figure 9. Comparison of airborne GPR-estimated snow accumulation
values with interpolated snow accumulation values obtained after ap-
plying kriging technique.
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central glacier varies from 4682 to 5175 m, 4629 to
4969 m and 4240 to 4533 m respectively. The accumu-
lated snow depth was observed to increase with increase
in the glacier altitude on both the flanks (Figure 104, d,
e) and in the central glacier (Figure 105 and c¢). The
accumulated snow depth varied from 1.16 to 4.34 m in
the north flank, 1.68 to 2.94 m in the south flank and 0.87
to 2.61 m in the central glacier during the study period.
More precipitation (snow) at higher altitude could be
attributed to the orographic effect, which results in an
increase in snow accumulation with elevation®**. Corre-
lation coefficients of accumulated snow depth on the
north flank, south flank and central glacier with the alti-
tude were found to be 0.78, 0.84 and 0.57 respectively
(significant at 1% significance level). Large variations
were observed in the accumulated snow depth on the
north flank with o+ 0.61 m as compared to the south
flank (o+0.31 m). This large variation in snow depth
could be supported by the topography of the glacier, as
the north flank is more uneven in comparison to the south
flank (Figure 2 @ and b).

Snow accumulation with aspect: Figure 11 shows the
analysis of aspect-wise snow accumulation over the gla-
cier. In this analysis, 53 snow depth data points having
the same altitude from north, east and south facing slopes
of the glacier were taken. As the area of west aspect
slopes was less (3%) in the surveyed region, we found
only eight snow depth data points. Due to the small num-
ber of data points, the analysis with respect to west aspect
could not be performed. The frequency distribution of the
highest snow accumulation values corresponding to each
similar altitude for all the three aspects was analysed. It
was observed that out of 53 data points, ~47% lay in the
north aspect, 40% in the east aspect and only 13% in the
south aspect. This shows that the snow deposited on the
north and east aspects has relatively higher thickness
compared to that on south aspect at the same altitude
(Figures 2 and 11). The north and east aspects in general
receive less radiations during the winter in northern hemi-
sphere, which may cause low settlement/ablation in these
areas. However, higher amount of solar radiation in the
south aspect may be attributed to faster metamorphism
and higher settlement, which lead to relatively shallow
snowpack. Jain et al.* have also reported similar obser-
vations for snow accumulation in different aspects.

Snow accumulation with slope: Figure 12 shows the
variation of accumulated snow with slope for different
altitude ranges of the glacier. The altitude of the surveyed
area varies between 4300 and 5100 m. This elevation
range of the glacier was divided into four different
classes, i.e. 43004500 m, 4500-4700 m, 4700-4900 m
and 4900-5100 m. Mean snow accumulation for each
slope was calculated from the points within an altitude
range. Mean snow accumulation depth was found to

CURRENT SCIENCE, VOL. 112, NO. 6,25 MARCH 2017



RESEARCH ARTICLES

@_s. _
E . £ 2.4 . IR
§ 4 y=00035x-14.78 " o g,
3 5] R°=050 = ..z =
S 1S
g S 1.6
® 21 s 5 c
z . z
s .. 8 4.2] . -
w1 v v v 0
4600 4800 5000 5200 5400 T T : )
Altitude (m amsl) 4350 4400 4450 4500 4550
Altitude (m amsl)
©f 30
5 25 "ua "
3 20
S1s
&
: 10
8 05| ot ' ‘ .
4200 4300 4400 4500 4600 4700
@ Altitude (m amsl)
—~ ~ 3.2
e° © .
54 y =0.0033x - 13.58 . .* = §28 y=00024x-9.45 *. ™
g R’ =0.60 . b 24
ES3 E
3 g 20
s g
8 316
4600 4800 5000 5200 4500 4650 4800 4950 5100
Altitude (m amsl) Altitude (m amsl)
Figure 10. Scatter plot of altitude-wise variation of snow accumulation on Samudra Tapu glacier. a, North gla-

cier (R* = 0.50, year 2009); b, Common glacier (R* = 0.22, year 2009); ¢, Common glacier (R = 0.32, year 2010);
d, North glacier (R? = 0.60, year 2010); e, South glacier (R* = 0.70, year 2010).
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Figure 11. Variation of accumulated snow with altitude at the north,

south and east aspects of Samudra Tapu glacier for 2010.

decrease with increase in terrain slope for each altitude
class (Figure 12). The negative gradient was observed to
be maximum for the lowest altitude class (4300—4500 m)
and minimum for the highest altitude class (4900-
5100 m). Statistically significant negative correlation was
found (r =-0.97; significant at 1% level) between mean
snow accumulation and slope for the lower altitude class
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(43004500 m). Furthermore, snow accumulation was
observed to be comparatively lower in this class. This
lower altitude class falls in the ablation area. In this altitude
range because of lesser snow deposition, the role of slope
is more prominent in the snow accumulation pattern.

However, for the highest altitude class (4900-5100 m),
which lies in accumulation zone of the glacier all of its
slopes are completely covered with snow. Statistically
insignificant correlation between snow accumulation and
slope was found (r=-0.21). This indicates that variation
in snow accumulation with slope is not significant for
highest altitude class.

Annual difference in snow accumulation: Differences in
snow accumulation on the glacier between the years 2009
and 2010 were found from the observations made on the
same date, i.e. 22 March. For estimation of these differ-
ences, the snow accumulation information from common
GPS coordinates of survey data from both the years was
selected. Figure 13a shows the differences in snow
accumulation between 2009 and 2010 for a part of the
Samudra Tapu glacier. It was observed that accumulated
snow was low in 2010 compared to that in 2009 in most
of the area. Figure 135 shows the accumulated snow
depth data comparison for some of the common coordi-
nates. The result was validated using the cumulative
snowfall data of 2009 and 2010 (Figure 14) recorded at
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Figure 12. Variation of accumulated snow with terrain slope for dif-

ferent altitude ranges of Samudra Tapu glacier for 2010.
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Figure 13. a, Changes in the snow accumulation values as estimated

from airborne GPR data between 2009 and 2010 for a part of Samudra
Tapu glacier. b, Comparison of snow accumulation values estimated
using airborne GPR of the same geographic coordinates in 2009 and
2010 of Samudra Tapu glacier.

snow-meteorological observatory, Patseo™. This shows
that the retrieved data using GPR can identify change in
snow accumulation pattern in a glacier.

Snow water equivalent of glacier-accumulated snow:
The SWE of the complete glacier was estimated for 2010.
The area of Samudra Tapu glacier is approximately
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Figure 14. Cumulative snowfall data measured manually at the snow
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the same period of airborne survey.

41.06 sq. km. The average value of estimated snow depth
over the glacier ice was found to be ~2.48 m using GPR
surveyed data and the average snow density from the
field observations was 241 kg m™. The total volume of
snow on the glacier was found to be ~0.102 km® and the
corresponding average SWE was ~0.597 m.

In order to observe the difference of SWE between
2009 and 2010, common glacier area of 6.86 sq. km
extending between altitude 5200 and 4400 m was
selected. For this area, GPR-estimated average snow
depth was 2.23 and 2.06 m for 2009 and 2010 respectively.
The snow densities measured at the field observatory
were 280 and 240 kg m ™ for 2009 and 2010 respectively
(Table 2). The estimated average SWE for 2009 was
0.624 m and for 2010 it was 0.496 m, which shows a
reduction of 0.128 m. For the same period, the reduction
in SWE at field observatory Patseo was 0.159 m (ref. 50).
Further, the calculated snow volume over the glacier for
2009 and 2010 was 0.0153 and 0.0141 km® respectively.
This shows a reduction of 0.0012 km® in snow volume of
the glacier common area in 2010, compared to 2009.
Considering the same rate of decrease for the complete
glacier, a reduction of 0.0072 km’ in snow volume is
estimated between 2009 and 2010.

Conclusion

In this study we report the application of airborne GPR
technique for snow accumulation measurements carried
out in the mountainous terrain of the Indian Himalaya.
GPR surveys were conducted in March 2009 and 2010 at
Samudra Tapu glacier, to estimate the snow accumula-
tion. A kriging-based geostatistical interpolation method
was used to generate spatial snow accumulation map
from the GPR-collected data. The accumulated snow
depth varied from 2.25 to 4.34 m in the accumulation
zone, and 0.72 to 2.25 m in the ablation zone of the
glacier. The temporal change in snow accumulation was
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Table 2.

Measured and derived snowpack properties during 2009 and 2010

Snow properties

Snow density

Snow water Snow volume

Surveyed year (kgm™) Snow dielectric Snow depth (m)  equivalent (m) (km®)
2009 280 1.60 2.23 0.624 0.0153
2010 240 1.53 2.06 0.496 0.0141

analysed for two consecutive years (2009 and 2010) for
the common surveyed area of Samudra Tapu glacier. The
GPR-estimated average accumulated snow depth was
2.23 m for 2009 and 2.06 m for 2010. In addition the cor-
responding average SWE was estimated to be 0.624 and
0.496 m for 2009 and 2010 respectively. Decreasing pat-
tern in snow depth was also observed at the validation
site for the same period. In 2010, the total volume of
snow accumulated over the glacier ice was estimated to
be ~0.102km’. From the analysis, a reduction of
0.0072 km® in snow volume was observed between 2009
and 2010.

Further, the snow accumulation data over the glacier
were analysed with various topographical parameters
such as altitude, aspect and slope. In general, the accumu-
lated snow depth increased with altitude throughout the
glacier. However, accumulated snow depth was found to
be poorly correlated at lower altitudes compared to higher
altitudes. Furthermore, high snow accumulation was
observed in the north and east aspects compared to the
south aspect. Snow accumulation was found to decrease
with increase in the terrain slope for different altitude
ranges. The analysis of snow accumulation with respect
to the above parameters may help in the estimation of
snow accumulation in other nearby glaciers.

The present study provides snow distribution pattern
over the glacier at very high spatial resolution (~7 m).
Such airborne GPR surveys along with more field sam-
pling sites can improve the prediction of water availability
from larger areas. In future, to improve the accuracy of
estimated snow depth and SWE, we suggest the use of
pre-installed sensors in the study area.
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